21
and muscle glutamate-pyruvate transaminase in sub-adult grass carp (P < 0.05). Furthermore, methionine deficiency 22 significantly reduced activities of trypsin, lipase and amylase in the intestine, Na + /K + -ATPase, alkaline phosphatase 23 and γ-glutamyl transpeptidase in three intestinal segments, and creatine kinase (CK) in the proximal intestine 24 (P < 0.05). However, an unexplained and significant increase in CK activity in the mid intestine was associated with 25 dietary methionine deficiency. Malondialdehyde and protein carbonyl contents in the intestine and hepatopancreas 26 were significantly increased by methionine deficiency (P < 0.05), whereas anti-hydroxyl radical capacity in the 27 hepatopancreas and intestine, and anti-superoxide anion capacity in the intestine, were significantly decreased 28 by methionine deficiency (P < 0.05). Moreover, methionine deficiency significantly decreased superoxide 29 dismutase and glutathione reductase activities, glutathione contents in the hepatopancreas and intestine, as 30 well as glutathione peroxidase activity in the intestine (P < 0.05), whereas it significantly increased activities of 31 catalase in the hepatopancreas and glutathione-S-transferase in the hepatopancreas and intestine (P < 0.05).
(Continued on next page)
The wet dough was adjusted to pH 7.0 using 6.0 mol/L Protein efficiency ratio (PER) = weight gain (g)/protein 243 intake (g).
244
Hepatosomatic index (HSI, %) = wet hepatopancreas 245 weight (g)/wet body weight (g) × 100.
246
Intestosomatic index (ISI, %) = wet intestine weight 247 (g)/wet body weight (g) × 100. 
Results

269
Growth performance
270
No mortality was observed during the experiment. As 271 shown in Table   T2 2, percentage weight gain (PWG) and feed 272 intake (FI) were significantly increased with increasing 273 levels of dietary methionine up to 6.22 g/kg diet, and de-274 clined significantly thereafter. Feed efficiency (FE) and 275 protein efficiency ratio (PER) increased significantly with 276 increasing levels of dietary methionine from 2.21 g/kg diet 277 to 4.24 g/kg diet, and then plateaued. Regression analysis 278 showed that PWG and FI were quadratic responses to in-279 creasing dietary methionine levels ( Table 2 ). The methio-280 nine requirement of grass carp (450-1, 170 g), established 281 by quadratic regression analysis based on PWG, was 282 6.12 g/kg diet (21.80 g/kg protein) in the presence of 283 1.50 g cysteine/kg diet (5.35 g/kg protein) (Fig.   F1   1a) . 284 Activities of GOT and GPT in the hepatopancreas and 285 muscle 286 GOT activity in the hepatopancreas was significantly in-287 creased with increasing levels of dietary methionine up 288 to 10.24 g/kg diet, and declined significantly thereafter 289 (Table   T3 3). GPT activities in the muscle of groups fed di-290 ets containing 6.22 and 8.25 g/kg methionine were sig-291 nificantly higher than those of all other groups. 292 However, activities of GPT in hepatopancreas and GOT 293 in muscle showed no significant difference among 294 groups. Regression analysis showed that activity of GPT 295 in the muscle quadratically responded to increased diet-296 ary methionine levels (Table 3) . 297 Activities of digestive and brush border enzymes in the 298 intestine 299 The digestive and brush border enzyme activities in the 300 intestine were significantly affected by dietary methio-301 nine levels ( Table   T4 4). Activity of trypsin was significantly 302 increased with increasing levels of dietary methionine up 303 to 6.22 g/kg diet and declined significantly thereafter, 304 following a quadratic relationship (Table 4) . Lipase activ-305 ity in the group fed 6.22 g methionine/kg diet was sig-306 nificantly higher than those in other groups, and among 307 which there were no significant differences. Amylase ac-308 tivity in the group fed 2.21 g methionine/kg diet was 309 significantly lower than in the other dietary treatments. eine/kg diet (5.35 g/kg protein) (Fig. 1c) .
386
Activity of SOD in the hepatopancreas was signifi-387 cantly enhanced by increased dietary methionine levels 388 up to 6.22 g/kg diet, and declined thereafter ( Table   T7   7 ).
389
Meanwhile, GR activity and GSH content in the hepato- showed quadratic responses to dietary methionine levels.
397
GPx activity in the hepatopancreas showed no signifi-398 cant difference among groups. In the intestine, the activ- Values are mean ± SD (n = 6) t4:1 Table 4 Effects of methionine on the activities of trypsin, lipase and amylase in the intestine, Na + /K + -ATPase, alkaline phosphatase t4:2 (AKP), γ-glutamyl transpeptidase (γ-GT) and creatine kinase (CK) in the proximal intestine (PI), mid intestine (MI) and distal intestine t4:3 (DI) of sub-adult grass carp Values are mean ± SD (n = 6) t6:1 Values are mean ± SD (n = 6) t8:1 both organs (r = + 0.897, P < 0.05; r = + 0.967, P < 0.01).
549
In addition to low-molecular-weight antioxidants, anti- 
574
The present study showed that the quadratic regression 575 model gave the least mean square error compared with the t9:1 Table   T9 9). It is con-587 sistent with these studies that the total sulfur amino acids 588 requirement for adult common carp [27] was lower than 589 that for juvenile common carp [1, 26] (Table 9 ). Mean-590 while, the optimal dietary protein level for very young sal-591 monids is 45 to 50% of the diet, whereas juveniles require 592 40% and yearlings require about 35% dietary protein [62] . 593 The metabolic rate of protein and amino acids decreased 594 with increase of fish weight [62] , thus this might contribute 595 to the difference in total sulfur amino acids requirement 596 for various growth stages of fish. Furthermore, the current 597 results showed that dietary methionine deficiency could re-598 sult in a decrease in digestive and absorptive ability, and 599 antioxidant ability of the hepatopancreas and intestine in 600 grass carp. It is quite necessary to evaluate the optimal me-601 thionine levels required for digestive and absorptive ability, 602 and antioxidant ability of grass carp. Parameters of diges-603 tion, absorption and antioxidant capacity, such as activities 604 of trypsin, Na 
